Glial precursor transplantation provides a potential therapy for brain disorders. Before its clinical application, experimental evidence needs to indicate that engrafted glial cells are functionally incorporated into the existing circuits and become essential partners of neurons for executing fundamental brain functions. While previous experiments supporting for their functional integration have been obtained under in vitro conditions using slice preparations, in vivo evidence for such integration is still lacking. Here, we utilized in vivo two-photon Ca 2+ imaging along with immunohistochemistry, fluorescent indicator labeling-based axon tracing and correlated light/electron microscopy to analyze the profiles and the functional status of glial precursor cell-derived astrocytes in adult mouse neocortex. We show that after being transplanted into somatosensory cortex, precursor-derived astrocytes are able to survive for more than a year and respond with Ca 2+ signals to sensory stimulation. These sensory-evoked responses are mediated by functionally-expressed nicotinic receptors and newly-established synaptic contacts with the host cholinergic afferents. Our results provide in vivo evidence for a functional integration of transplanted astrocytes into adult mammalian neocortex, representing a proof-of-principle for sensory cortex remodeling through addition of essential neural elements. Moreover, we provide strong support for the use of glial precursor transplantation to understand glia-related neural development in vivo.
Introduction
Astrocytes, the major population of glial cells in the brain, are increasingly considered to be the core elements in neural circuits responsible for the control of brain functions through extensive contacts with both neurons and cerebral blood vessels (Eroglu and Barres 2010; Halassa and Haydon 2010) . For example, during sensory information processing, astrocytes in the brain respond to surrounding neural activity by increasing intracellular Ca 2+ signals (Wang et al. 2006; Bekar et al. 2008; Schummers et al. 2008; Ghosh et al. 2013 ) and likely regulate neuronal activity by releasing Ca 2+ -dependent gliotransmitter (Parpura et al. 1994; Chen et al. 2005; Eroglu and Barres 2010; Halassa and Haydon 2010; Panatier et al. 2011; Navarrete et al. 2013) . Such direct bidirectional astrocyte-neuron interactions indicate that the astrocyte responsiveness is topographically aligned to neuronal sensory maps and the brain astrocytes are active participants for information processing and integration (see review Lopez-Hidalgo and Schummers 2014 ).
An impairment of astrocyte functions occurs in aging as well as in many neurological and psychiatric disorders in both animal models and patients (Seifert et al. 2006; Kuchibhotla et al. 2009 ). This strongly suggests that cell transplantation and subsequent integration into the diseased brain circuits would be a potential therapy for these astrocyte-related disorders (Lindvall and Kokaia 2006; Goldman et al. 2012) . Indeed, accumulating evidence indicates that transplantation-based cell therapy using glial progenitors or cultured astrocytes efficiently improves brain functions and behaviors in both healthy and diseased conditions (Muller and Best 1989; Lepore et al. 2008; Han et al. 2013; Jiang et al. 2013; Chen et al. 2015) . These behavioral outcomes caused by glia transplantation require the functional incorporation of engrafted cells into the recipient networks. Previous in vitro studies have suggested that engrafted astrocytes express the similar molecular and morphological features to their host counterparts (Muller and Best 1989; Lepore et al. 2008; Davies et al. 2011; Han et al. 2013; Jiang et al. 2013; Chen et al. 2015) . However, the functional demonstrations for their integration were mainly restricted to the in vitro experiments using brain slice preparations and showed that engrafted astrocytes were able to modulate synaptic transmission Jiang et al. 2013) . Therefore, how transplanted astrocytes are incorporated into the host neural circuits and whether these astrocytes can eventually execute basic brain functions like sensory information processing require further in vivo investigation.
Since Ca 2+ signaling is considered as a primary form of cellular responsiveness in astrocytes, the application of twophoton Ca 2+ imaging in conjunction with the use of improved fluorescent Ca 2+ indicators provides an ideal way for the analysis of astrocyte activity (Hirase et al. 2004; Nimmerjahn et al. 2004; Wang et al. 2009; Volterra et al. 2014) . Here, we applied this approach to monitor the functional status of engrafted astrocytes and their responses to sensory stimulation at different time points after transplantation in the living mice. We found that transplanted glial precursor cells derived from embryonic neural stem cells (NSCs) into the adult somatosensory cortex could develop into astrocytes that were able to survive for more than a year, nearly as long as the life span of mice, and express molecular and morphological features of mature cortical astrocytes. We also found that engrafted astrocytes in the adult sensory cortex responded with Ca 2+ signals to sensory stimulation, suggesting a functional integration into the sensory circuits for executing sensory information processing. Furthermore, we found that the sensory-evoked Ca 2+ responses in engrafted astrocytes were dependent on the functional expression of nicotinic acetylcholine receptors (nAchRs) and the formation of synapse-like contacts with host cholinergic afferents from the basal forebrain. Thus, these results unveil glial precursor transplantation in the adult brain as an effective strategy for sensory cortex remodeling through a functional incorporation into the existing astrocyte-neuron circuits.
Materials and Methods

Animals
All animal experimental procedures were performed in accordance with institutional animal welfare guidelines and were approved by the Third Military Medical University Animal Care and Use Committee. Embryonic donor tissue was produced by crossing male and female homozygous enhanced green fluorescent protein-expressing (EGFP) mice (FVB.Cg-Tg(CAG-EGFP) B5Nagy/J; stock number: 003516; Jackson Laboratory). The mice receiving transplantation were aged 2-4 months and also FVB/N line.
Embryonic NSC Culture and Astrocyte Precursor Cell Induction
Timed pregnant EGFP mice were used to prepare cortical NSC cultures as previously described with some modifications (Mi et al. 2005; Lakoma et al. 2011) . Briefly, E14-E15 mouse cortices were dissected and mechanically dissociated. The dissociated cells were cultured in the serum-free neurosphere culture medium containing 1:1 (v/v) a mixture of Dulbecco's modified Eagle's medium (DMEM) and F12 medium supplemented with B27 (Gibco), FGF2 (20 ng/mL, Sigma), and epidermal growth factor (EGF) (20 ng/mL, Sigma) under floating conditions with half medium changed every 3 days. For astrocyte precursor cell induction, the formed neurospheres were collected and dissociated using Accutase (eBioscience). The cells were then plated onto poly-L-lysinecoated dishes for attachment. EGF and basic fibroblast growth factor were withdrawn from the culture medium. Ciliary neurotrophic factor (CNTF) (10 ng/mL, Sigma) and 30% fetal bovine serum (FBS) (Gibco) were added to the culture medium to induce NSCs to differentiate into astrocyte precursor cells (Mi and Barres 1999; Barberi et al. 2003; Krencik et al. 2011) . After 2 days of induction, the cells were dissociated into single cells and were subsequently used for transplantation. the cortex. Before and during the injections, the cerebral vessels in the open cranial windows were recorded using a CCD camera (TOUPCAM, TP603100A). After transplantation, the craniotomy sites were marked, and then the incisions were closed with Vetbond tissue adhesive (3 M). Afterwards, the transplanted mice were maintained on a heating pad before they were returned to their cages.
Immunohistochemistry
Engrafted mice were transcardially perfused with 4% paraformaldehyde at different time points after transplantation. The brains were removed, fixed overnight in 4% paraformaldehyde, and cryoprotected in 30% sucrose. Coronal brain sections (40 µm) were cut and stained as described (Panatier et al. 2011) . Briefly, floating sections were immunostained with the following primary antibodies: chicken anti-GFP (1:500; Abcam), rabbit anti-GFP (1:500; Abcam), rabbit anti-GFAP (1:300; ZSGB-BIO), goat anti-GFAP (1:500; Abcam), mouse anti-α7-nAchR (1: 300; Sigma), rabbit anti-mGluR1 (1:500; Abcam), rabbit anti-mGluR5 (1:500; Abcam), mouse anti-ChAT (1:500; Abcam), rabbit antiSyn (1:500; Millipore), rabbit anti-CX30 (1:500; Invitrogen), rabbit anti-A2B5 (1:1000, Abcam), rabbit anti-Nestin (1:300, ZSGB-BIO), mouse anti-NeuN (1:300, ZSGB-BIO), and rabbit anti-D-serine (1:1000, Abcam). The following secondary antibodies were used: Alexa Fluor 488 donkey anti-chicken, Alexa Fluor 568 donkey anti-rabbit, Alexa Fluor 568 donkey anti-mouse, Alexa Fluor 647 donkey anti-goat, and Alexa Fluor 647 donkey anti-mouse (1:500; Molecular Probes). Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, 1:10 000, D9564, Sigma-Aldrich). For all immunohistochemical procedures, sections were permeabilized for 30 min in a 1% Triton X-100/PBS solution, and blocked using a solution of 10% normal donkey serum and 0.3% Triton X-100 in PBS for 2 h at room temperature. Sections were incubated in primary antibody solutions overnight at 4°C, and in secondary antibody solutions for 2 h at room temperature. All primary and secondary antibody incubations were done in 1% normal donkey serum and 0.3% Triton X-100 in PBS. After the primary and secondary antibody incubations were finished, sections were rinsed three times in PBS, and incubated with DAPI for 10 min at room temperature. Then, sections were mounted on glass slides and coverslipped after the second series of washes.
Anterograde Tracing with Mini-Ruby
Projections from nucleus basalis of Meynert were traced with mini-Ruby as described previously (Lai et al. 2012) . Briefly, the engrafted mice were anesthetized with atropine and pentobarbital sodium (intraperitoneal; 0.5 mg/mL and 1 mg/mL, respectively, in saline; 100 µL per gram of body weight). Mini-Ruby (Invitrogen), dissolved at a concentration of 5% in water, was injected into nucleus basalis of Meynert (coordinates: Bregma −0.5 mm, 1.5 mm lateral to midline, depth 3.5 mm) through a sharp electrode. Ten to twelve days after the injection, mice were perfused with 4% paraformaldehyde and their brains were postfixed overnight. Brains were sectioned with a freezing microtome at 40 μm.
Confocal Imaging
Histological images were acquired at two zoom factors, ×2 and ×8 at a resolution of 1024 pixels by 1024 pixels with a dwell time of 8 μs per pixel using confocal microscope (Leica SP5) equipped with a ×63 oil immersion objective (NA 1.4). Detailed observation methods are in accordance with the previous study (Panatier et al. 2011 For two-photon Ca 2+ imaging experiments, surgery and recordings were performed as described previously (Stosiek et al. 2003; Chen et al. 2011 Chen et al. , 2013 . In brief, the mouse was placed onto a warming plate (37-38°C) and anesthetized by inhalation of 1-1.5% isoflurane (RWD Life Science) in pure O 2 . The skin and soft tissues were removed under a dissecting microscope after local application of xylocaine. A custom-made recording chamber was then glued to the skull. A small craniotomy (~1 mm × 1 mm) centered on the previously marked site (coordinates: Bregma −0.56 mm, 1.65 mm lateral to midline) was made. The craniotomy was filled with 1-1.5% low-melting-point agarose to minimize brain pulsations. After surgery, the mouse was transferred into the recording apparatus and the anesthesia level was decreased to 0.5-0.8% isoflurane (breathing rate was around 120 breaths per minute). The recording chamber was perfused with warm artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 4.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 20 glucose, pH 7.4, when bubbled with 95% O 2 and 5% CO 2 . The temperature of the mouse was maintained in the range of 36.5-37.5°C throughout the recording. The transplanted site in the cortex was found under a water immersion objective (×20, 1.0 NA) according to the blood vessels previously recorded during transplantation. The red calcium indicator Rhod-2 acetoxymethyl ester (Rhod-2AM, Invitrogen) was used for labeling astrocytes, as previously described Thrane et al. 2012) . In brief, rhod-2AM was dissolved in dimethylsulfoxide (DMSO) with 20% pluronic F-127 and diluted with the normal ACSF to a final concentration of~0.5 mM, and then loaded onto exposed cortex for 10 min, followed by a 30-min wash with ACSF. After that, ACSF containing 1% agarose was applied on the top of the craniotomy to reduce brain pulsation-induced motion artifacts. Two-photon imaging was performed with a custom-designed two-photon microscope system based on 12 kHz resonant scanner (model "LotosScan 1.0", Suzhou Institute of Biomedical Engineering and Technology). Two-photon excitation light was delivered by a mode-locked Ti:Sa laser (model "Mai-Tai DeepSee", Spectra Physics), and a ×40/0.8 NA water-immersion objective (Nikon) was used for imaging. Full-frame images with 600 × 600 pixels were acquired at 40 Hz by custom-written software based on LabVIEW (National Instruments). The excitation laser wavelength was operated at 825 nm for imaging of Rhod-2-labeled astrocytes but at 920 nm for imaging the EGFP labeling. This two-channel detection was achieved using a 570-nm dichroic mirror. The imaged depth was in the range of 50-500 µm and the average power delivered to the brain was adjusted to 30-70 mW (depending on the depth). For hindlimb stimulation, electrical stimulation (duration 1 s, intensity 0.6-1 mA) was delivered to the hindpaws through two 30-gauge needles connected to an isolated pulse stimulator (A-M Systems).
Dextran Labeling and Two-Photon Imaging
We labeled and imaged blood vessels as previously described (Bardehle et al. 2013) . In brief, anesthetized mice were injected intravenously (tail vein) with 50 μL of a solution (10 mg/mL) of Texas Red-conjugated dextran (70 kDa; Molecular Probes D1864) to label blood vessels. Head-bar fixed, anesthetized, and craniotomized mice were placed on a heated stage, and imaging was performed with a custom-designed two-photon microscope system equipped with 12 kHz resonant scanner (model "LotosScan 1.0", Suzhou Institute of Biomedical Engineering and Technology), a water immersion objective (×40, 0.8 NA) and 570-nm dichroic mirror. The excitation laser wavelength was operated at 825 nm for imaging of Dextran-labeled blood vessels but at 920 nm for imaging the EGFP labeling.
Tissue Fixation and Vibratome Sectioning for Electron Microscopy
The brains of engrafted FVB/N mice were fixed and sectioned as described previously (Wilke et al. 2013) . Briefly, mice were anesthetized with sodium pentobarbital and then perfused with Ringer's solution containing 0.02% heparin, followed by 2.5% electron microscopy grade glutaraldehyde (Sigma) and 4.0% paraformaldehyde (Sigma) in 0.1 M PBS (pH 7.2). The brain was then dissected free and postfixed in the same fixative solution at 4°C for 7 h. After fixation, the tissue of interest was cut into thick (100 µm) sections using a vibratome. These sections were temporarily mounted in PBS under a coverslip in imaging chambers built using Parafilm spacers on a glass slide.
Near-Infrared Branding
We applied the previously-established procedure (Bishop et al. 2011 ) to make NIRB marks using the commercial two-photon microscope (Zeiss LSM780NLO), equipped with a mode-locked Ti:Sa laser (model "Mai-Tai DeepSee", Spectra Physics). Briefly, we created fiducial branding marks using the laser wavelength of 820 nm and using line scans (pixel dwell time 2-20 µs). The laser intensity delivered to the target region was~300 mW. We usually burned two boxes, a large one (about 100 µm × 100 µm) containing almost the entire processes of engrafted astrocyte of interest, and a small one (about 10 µm × 10 µm) containing the site of interest where the process element and the presynaptic structure were colocalized. Images of NIRB marks were obtained from two-photon or confocal image stacks before and after marking.
Staining for Electronic Microscope and Resin Embedding
Slices were stained for electronic microscope (EM) imaging as previously reported (Wilke et al. 2013) . In brief, slices were washed in 0.1 M cacodylate buffer for 2 h at 4°C and placed in double-distilled water (ddH 2 O) containing 2% OsO 4 for 2 h at room temperature. Slices were washed in ddH 2 O at room temperature six times with 5 min for each time, before being placed in a filtered solution of 1% thiocarbohydrazide (EMS) in ddH 2 O for 25 min to allow additional osmium staining. Slices were washed six times in ddH 2 O and then placed in 2% OsO 4 / 1.5% potassium ferrocyanide for an additional 1 h at room temperature. Finally, slices were washed three times in ddH 2 O and placed in 2% aqueous uranyl acetate at 4°C overnight.
Slices were then washed six times in ddH 2 O and then dehydrated in a series of acetone solutions (50%, 70%, 80%, 90%, 95%, 99%, 100%, 100% × 3; 5 min for each, on ice). We next placed slices in 100% propylene oxide for 10 min on ice. Slices were then gradually equilibrated with Spurr embedding resin by placing in 25% Spurr resin/propylene oxide for 6 h, 50% Spurr resin/propylene oxide overnight, 75% Spurr resin/propylene oxide for 12 h, and 100% Spurr resin overnight. Afterwards, slices were flat mounted in fresh 100% Spurr and placed in a 70°C oven for 48 h to allow Spurr polymerization and to complete the embedding procedure.
Focused Ion Beam Scanning Electron Microscopy Imaging
Focused ion beam scanning electron microscopy (FIBSEM) imaging of our samples was performed as previously reported (Li et al. 2013; Maco et al. 2014) . Briefly, images of the final block in the light microscope (×20 objective) were taken to ensure that it shows the NIRB marks inside the tissue, relative to the block edge, steps cut on either side. The block was carefully trimmed to expose the NIRB for FIBSEM imaging with Helios NanoLab 600i (FEI). A layer of platinum 1.5 μm thick was deposited on a surface perpendicular to the block face to be imaged. The block face was imaged using an electron beam with an acceleration voltage of 3 keV, a current of 2.75 nA, and a dwell time of 15 μs/pixel. After the block face was imaged, gallium ion beam with an acceleration voltage of 30 keV and a current of 2.5 nA was used to remove the 20-nm-thick superficial layer from the block face for the next round of imaging and milling. After the entire volume was acquired, the host and engrafted astrocyte processes of interest were traced and annotated with the ilastik program as the established criteria (Maco et al. 2014) . The final 3D model can then be exported to 3D modeling software (Autodesk 3ds Max) for measurements and rendering.
Data Analysis
Ca 2+ signals in astrocytes were expressed as relative fluorescence changes (Δf/f), corresponding to the mean fluorescence from all pixels within specified regions of interest, as described previously (Chen et al. 2011 (Chen et al. , 2012 ). Student's t tests were used to assess the significance of differences of branching point numbers, amplitude and latency of Ca 2+ signals, A2B5/glial fibrillary acidic protein (GFAP) expression ratios and astrocyte/ neuron differentiation ratios between experimental groups. Mann-Whitney U test was used to determine significance of differences of nAchR expression ratios between different time points after astrocyte precursor transplantation. Normal distributions were checked before all the tests. Statistical analyses were performed using SPSS (SPSS Inc.). P < 0.05 was considered as statistically significant.
Results
Engrafted Astrocytes are Morphologically Integrated into the Adult Neocortex
To explore the in vivo functional status of engrafted astrocytes, we transplanted glial precursor cells derived from NSCs into the somatosensory cortex of adult mice (2-4 months old) (Fig. 1A) . We obtained NSCs from embryonic day 14.5 to 15.5 EGFP + FVB/N mice (Fig. 1B) . After treatment with medium containing CNTF and FBS for 2 days, the majority of the cells (90%) differentiated from NSCs were immunoreactive for A2B5 (Fig. 1C,D) , a marker for glial precursor cells (Mi and Barres 1999; Barberi et al. 2003; Krencik et al. 2011; Jiang et al. 2013 ). These cells were used for the following transplantation experiments. Over another 10-day culture in the presence of FBS in vitro, 86% of the cells were identified as astrocytes by GFAP immunoreactivity (Fig. 1E,F ( Fig. 1G-I) , typical for functional astrocytes (Salter and Hicks 1995) . Therefore, these glial precursor cells can mainly differentiate into astrocytes under the in vitro conditions. We next tested whether the glial precursor cells could develop into astrocytes in vivo, and analyzed the survival and morphological profiles of the differentiated cells in the cortex over 4-60 weeks after transplantation. We found that all of the transplanted mice displayed robust survival of engrafted cells at all of the observed time points, and no sign of tumor formation was observed ( Fig. 2A-E and Supplementary Fig. 1A-F) . We found a range of 400-700 engrafted astrocytes (about 1% of all engrafted glial precursors) at different time points after transplantation ( Supplementary Fig. 1G ), comparable to the previous work (Sekiya et al. 2015) . The vast majority of the surviving cells (83 ± 3% of 187 cells from 10 sections in 5 mice) were differentiated into astrocytes, identified by the expression of GFAP/EGFP/DAPI, whereas a small fraction (13 ± 4% of 133 cells from 6 sections in 5 mice) corresponded to the identity of neurons (Supplementary Fig. 2A-D) . The engrafted astrocytes were also positive for connexin 30 (CX30) ( Supplementary Fig. 3A ,B), a major astrocytic gap junction protein (Kunzelmann et al. 1999) , and D-serine ( Supplementary Fig. 3C,D) , a gliotransmitter (Schell et al. 1995) . We also detected the expression of Kir4.1 (inwardly rectifying K + channels; Supplementary Fig. 4 ) and GLAST (glutamate/aspartate transporter; Supplementary Fig. 5 ) in the engrafted astrocytes, indicating that these cells have a potential ability to maintain homeostatic extracellular environments, including buffering extracellular K + and uptaking extracellular glutamate. Furthermore, similar to the adult mouse astrocytes that express almost no group I metabotropic glutamate receptors (mGluRs, mGluR5, and mGluR1) (Sun et al. 2013) , we observed that at post-transplantation week 12, mGluR5 was undetectable in the engrafted astrocytes (n = 10 sections from 4 mice; 212 cells), whereas mGluR1 was sparsely expressed in only 13% of these cells (n = 5 sections from 4 mice; 103 cells) ( Supplementary Fig. 6A-D) . The morphological observation revealed that the engrafted astrocytes were clearly intermingled with host networks and evenly distributed along the injection sites in the cortical layers ( Fig. 2A-E) . At 12 weeks after transplantation, the engrafted astrocytes substantially developed dense and intricate processes, with a dramatically increased number of processes in comparison with that at 4 or 8 weeks, as quantified by the number of defined branching points ( Fig. 2F and Supplementary Fig. 1F ). The complexity and number of processes appeared to be largely stable over 60 weeks and closely matched the level of their host astrocytes (Fig. 2F) . In vivo two-photon imaging revealed that the engrafted astrocytes extensively extended processes and established endfeet along the blood vessel walls (Fig. 2G-I ), indicative of a role in cerebral microcirculation control Iadecola and Nedergaard 2007) . These results suggest that transplanted astrocytes are able to survive for at least 60 weeks and acquire characteristic molecular and morphological features of mature cortical astrocytes. It should be noted that, according to the previous work showing that cell fusion between transplanted and host cells specifically involves neurons (Brilli et al. 2013) , it is unlikely that GFP-positive astrocytes observed here are due to fusion of engrafted cells with host astrocytes. Rather, the observed transplanted astrocytes are able to survive independently in the host cortex. In addition, the transplanted cortical areas exhibited strong GFAP (Supplementary Fig. 7 ) and Iba1 (Ionized calcium binding adaptor molecule 1, a marker for activated microglia) (Supplementary Fig. 8 ) expression, while their contralateral hemispheres had weak or no expression. This suggests that the cell injection/engraftment produces reactive astrocytosis and microgliosis. A similar result has been already observed in the previous studies Chen et al. 2015) . The traditional view is that reactive astrocytes have detrimental roles, for example, contributing to the formation of a glial scar (Silver and Miller 2004) . However, recent evidence suggests that the reactive astrocytes can lead to a number of beneficial effects on the local environment (Lukovic et al. 2015) .
Engrafted Astrocytes Respond with Ca 2+ Signals to
Sensory Stimulation
To test whether transplanted astrocytes could respond to sensory stimulation, like their host counterparts, we used twophoton imaging to monitor astrocytic Ca 2+ dynamics in vivo. The transplanted region of somatosensory cortex containing EGFPlabeled astrocytes was bulk-loaded with the red Ca
2+
-sensitive dye Rhod-2AM (Fig. 3A) , an indicator that specifically labels astrocytes according to the previous studies Schulz et al. 2012; Thrane et al. 2012 ). The engrafted astrocytes were colabeled with Rhod-2 and EGFP, whereas the nearby host astrocytes were labeled with Rhod-2 only, enabling a comparison of their response profiles in the same preparations (Fig. 3B) . Figure 3B ,C shows an example of such recordings at 12 weeks after transplantation, in which two engrafted (green) and one host (red) astrocytes reliably exhibited robust Ca 2+ transients in their cell bodies and processes during every trial of electrical stimulation of the hindlimb. The somatic Ca 2+ transients displayed a slow time course, often lasting for more than 10 s, in agreement with the previous observations that were done also in cortical astrocytes in vivo (Wang et al. 2006; Schummers et al. 2008) . Moreover, these stimulation-evoked astrocytic Ca 2+ responses started to appear at 12 weeks after transplantation but not at the time points before 8 weeks (Fig. 3D) . At 12 weeks after transplantation, we found about 67% (67 ± 6%; n = 5 mice) of engrafted astrocytes responding to hindlimb stimulation, comparable to that of host astrocytes (69 ± 13%; n = 8 mice). Quantitative analysis of the cell body's response amplitude and latency revealed that sensoryevoked Ca 2+ responses in these engrafted astrocytes remained stable for more than 25 weeks and showed comparable profiles to their corresponding host counterparts (Fig. 3D,E ). In addition, we occasionally observed spontaneous Ca 2+ activity in the engrafted astrocytes as well as in the host cells (engrafted astrocytes: 0.8 ± 0.1 Δf/f versus host astrocytes: 0.9 ± 0.1 Δf/f; n = 19 cells for either group, P = 0.35; Supplementary Fig. 9A-C) . These results indicate that embryonic NSC-derived astrocytes transplanted into the adult sensory cortex can manifest a functional phenotype that may contribute to executing sensory information processing, similar to genuine cortical astrocytes (Wang et al. 2006; Schummers et al. 2008; Ghosh et al. 2013 ).
nAchRs are Required for Sensory-Evoked Ca 2+ Response in Engrafted Astrocytes
Previous studies have reported that the same type of electrical stimulation to the hindlimb used here produces cortical responses through the activation of cholinergic afferents from the basal forebrain (Wenk 1997; Seigneur et al. 2006; Letzkus et al. 2011) . Ample evidence also indicates the expression of nAChR subunit α7 in astrocytes (Sharma and Vijayaraghavan 2001; Duffy et al. 2011; Shen and Yakel 2012; Wang et al. 2013 ), which might be required for mediating Ca 2+ response in astrocytes (Sharma and Vijayaraghavan 2001) during this stimulation. Therefore, we performed immunohistochemistry to examine the expression of α7 nAChRs in both engrafted and host astrocytes and to clarify their relative locations with presynaptic cholinergic terminals labeled by choline acetyltransferase (ChAT). Figure 4A -C shows an example of engrafted cortical astrocytes stained with EGFP/ChAT/α7 nAChR at 12 weeks after transplantation. According to EGFP labeling, the cell showed complex processes with extensive ramifications, a typical morphology of mature astrocytes ( Fig. 4A and Supplementary Fig. 10A ). The nAChRs were punctate staining and dispersed along EGFP-labeled processes. Notably, nAChR puncta were often located next to ChAT-positive structures, indicating that they probably formed synapse-like contacts with cholinergic presynaptic elements (the same observation was seen in 30 cells from 16 sections in 9 mice; Fig. 4B,C) . In support of this, nAChR puncta along EGFP-positive processes were also often found to face small enlargements labeled with synaptophysin (syn), a synaptic vesicle marker (n = 32 cells, 15 sections from 10 mice; Fig. 4D-F and Supplementary Fig. 10B ). Puncta of nAchR were also observed independent of GFP-positive glial processes. These other structures may be host astrocytes or neurons, which were eGFP negative (Panatier et al. 2011) . Overall, we found that after post-transplantation week 12, approximately 50% of the engrafted astrocytes expressed α7 nAChRs, significantly higher than that before 8 weeks but comparable to the number in mature host astrocytes (Fig. 4G ).
To further determine whether sensory stimulation-evoked Ca 2+ signals in engrafted astrocytes were cholinergic input driven and nAChR mediated, we locally applied the nAChR antagonist methyllycaconitine (MLA, 100 µM) using a glass pipette under visual guidance by two-photon imaging (Fig. 5A) . We found that MLA completely abolished the Ca 2+ responses to sensory stimulation in the engrafted astrocytes (n = 21 cells from 4 mice, P < 0.001 versus the control group), similar to the nearby host cells (n = 10 cells from 4 mice, P < 0.001 versus the control group) (Fig. 5B-D) . Interestingly, a fraction of engrafted astrocytes (~20%) clearly showed Ca 2+ responses to a local nicotine application (100 µM) (n = 19 cells; Supplementary Fig. 9D ,E) even at 4 weeks after transplantation, being much earlier than the occurrence of sensory-evoked Ca 2+ responses (Fig. 3D) . This indicates the presence of nAChRs already at 4 weeks in a subpopulation of engrafted astrocytes (also see Fig. 4G ) but a lack of functional connections between these cells and the host cholinergic terminals. Our immunostaining data showed that approximately 50% of astrocytes expressed α7 nAChRs (Fig. 4G) , which cannot explain the complete blockade of the hindlimb stimulationinduced Ca 2+ signals by MLA in all the responding astrocytes (67 ± 6% for engrafted astrocytes and 69 ± 13% for host astrocytes). There might be another mechanism, for example, gapjunction-mediated glia-to-glia communication (Kuga et al. 2011) , that also contributes to the hindlimb stimulationinduced astrocytic activation. To test this possibility, we applied the gap junction blocker carbenoxolone (CBX) to host astrocytes and found that CBX reduced the fraction of responding cell by~10% ( Supplementary Fig. 11 ). Therefore, these results suggest that the nAChR-mediated activation plays a major role, while the gap junction plays a minor role in the hindlimb stimulation-evoked astrocytic responses through glia-to-glia communication.
In addition, previous studies have observed that a startle response can produce astrocytic Ca 2+ signals through norepinephrine-mediated activation of α-adrenergic receptors in the somatosensory (Bekar et al. 2008 ) and the visual cortex (Paukert et al. 2014 ). However, in our experiments that were performed in both anesthetized and awake states, we found that the α1-adrenergic antagonist, phentolamine, had no effect on the hindlimb stimulation-evoked Ca 2+ signals in host astrocytes ( Supplementary Fig. 12 ). The lack of norepinephrine contribution in our study could be due to a different stimulation intensity used here as compared with the previous study (Bekar et al. 2008 ).
Engrafted Astrocytes Establish Synapse-Like Contacts with the Basal Forebrain Sholinergic Axonal Terminals
We next investigated whether the engrafted astrocytes could indeed establish synaptic contacts with the host cholinergic axonal terminals, originating from the basal forebrain (Wenk 1997) , by observing their ultrastructural features using electron microscopy. To this end, we devised an experiment to first label the basal forebrain cholinergic projections in the cortex by injecting the red dextran dye mini-ruby into the nucleus basalis of Meynert (Fig. 6A and see the injection site in Supplementary  Fig. 13) . Figure 6B -G shows examples in the transplanted cortex at post-transplantation week 12 for mini-ruby labeling together with the immunostaining of EGFP/DAPI/nAChR (Fig. 6B-D and Supplementary Fig. 14A ) or EGFP/DAPI/ChAT (Fig. 6E-G and Supplementary Fig. 14B ), in which mini-ruby-labeled punctate compartments were widely found in the cortex and overlapped with engrafted astrocytic processes stained by EGFP (Fig. 6B,E) . Mini-ruby-labeled axonal terminals often appeared to be colocalized with ChAT-positive presynaptic elements (n = 25 cells, 8 sections from 4 mice) (Fig. 6F ,G) and with nAChR-positive astrocytic sites (n = 35 cells, 11 sections from 6 mice) (Fig. 6C,D) , indicating their identity of cholinergic afferents and the possible connections with astrocytes. Next, we used a previously developed protocol, nearinfrared branding (NIRB) (Bishop et al. 2011) , to selectively mark an area containing possible synaptic contacts where EGFP-and mini-ruby-positive elements were juxtaposed, using a femtosecond pulsed titanium-sapphire laser under the guidance of two-photon imaging (Fig. 7A,B) . These marks allowed for the re-identification and reconstruction of the target structures of interest using subsequently performed serial electron microscopy ( Fig. 7C-E) . We identified the astrocytic processes according to the following EM morphological features (Ventura and Harris 1999; Witcher et al. 2007 ): (1) their irregular shapes interdigitating among neuronal processes; (2) the presence of glycogen granules; (3) intermediate filament bundles, and (4) a relatively clear cytoplasm. In addition, before the NIRB using two-photon imaging, engrafted astrocytes could be readily identified from engrafted neurons based on their morphological profiles (e.g., see Fig. 2 and Supplementary Fig. 2 ). We excluded engrafted neurons for the branding. As in the examples shown in Figure 7F -H (also see examples for both engrafted and host astrocytes in Supplementary Fig. 15A-F) , we observed that astrocytic processes established contacts with mini-rubylabeled axonal terminals from the basal forebrain in two ways: first, tripartite synapses, in which astrocytic processes enwrapped synapses between presynaptic (e.g., red in Fig. 7G and Supplementary Fig. 15A ,E) and postsynaptic sites (e.g., blue in Fig. 7G , pointed by arrows; Supplementary Fig. 15A,E) ; second, synapse-like structures, also observed previously (Jabs et al. 2005) , which were formed directly between presynaptic terminals and astrocytic processes (e.g., see postsynaptic densitylike structures in Fig. 7G , pointed by arrowheads). Overall, using this combined approach of optical and electron microscopy, we found nearly an equal number of these two types of contacts for both the engrafted (n = 121 synaptic contacts, 3 cells from 2 mice) and host astrocytes (n = 106 synaptic contacts, 3 cells from 2 mice; Fig. 7I,J) .
Discussion
In this study, we show that glial precursor cells derived from mouse NSCs can mainly generate astrocytes under both in vitro and in vivo conditions, although these precursor cells used here are heterogeneous glial populations. Using this cell preparation for transplantation together with the use of a number of approaches including immunostaining analysis, in vivo two-photon Ca 2+ imaging, pharmacological manipulations, fluorescent indicator labeling-based axon tracing and correlated light and electron microscopy, we provide the first in vivo demonstration for the functional integration of transplanted astrocytes into the adult neocortex. We find that, after transplantation into the mouse sensory cortex, the engrafted astrocytes exhibit the important characteristics that are similar to their host counterparts, including molecular, morphological, and most importantly, functional phenotypes namely robust Ca 2+ response to sensory stimulation. The sensory-evoked Ca 2+ responses are attributed to the functional expression of nAChRs and the targeted establishment of synapse-like contacts with cholinergic neuronal afferents in the host circuits, as assessed by both morphological analyses and in vivo cellular imaging in combination of pharmacological blockage of nAChRs. Astrocytes are active participants essential for a wide variety of physiological processes in the mammalian brain (Araque et al. 1999; Volterra and Meldolesi 2005; Halassa and Haydon 2010; Nedergaard and Verkhratsky 2012) . Of particular importance is that astrocytes are extensively considered to be integrated communication elements together with neurons and blood vessels for executing central functions of the brain, namely information processing through Ca 2+ excitabilitydependent gliotransmitter release (Wang et al. 2009; LopezHidalgo and Schummers 2014; Volterra et al. 2014 ). In addition, many brain diseases and also aging processes are known to involve astrocyte dysfunctions (Seifert et al. 2006; Kuchibhotla et al. 2009; Sofroniew and Vinters 2010; Rodriguez-Arellano et al. 2016) . Therefore, brain remodeling involving cell replacement-based strategy requires consideration of the restoration of both neuron and astrocyte functions. In support of this notion, multiple lines of experimental evidence indicate that astrocyte or its precursor transplantation improves brain or spinal cord functions and even changes the related behavioral ability (Smith and Silver 1988; Muller and Best 1989; Lepore et al. 2008; Chintawar et al. 2009; Davies et al. 2011; Han et al. 2013; Jiang et al. 2013; Chen et al. 2015) . These behaviorally-relevant outcomes may be due to the functional integration of transplanted astrocytes into the host circuits. However, existing data from these studies for supporting their integration were mainly obtained from molecular and morphological experiments. Functional experiments, including voltageclamp recordings and measurement of intracellular Ca 2+ waves by the photolysis of caged Ca 2+ procedure Jiang et al. 2013) , performed in brain slice preparations can provide a confirmation only for the identity of astrocytes but not for the functional integration. So far, indirect evidence for the functional integration has been acquired from also in vitro experiments showing changes in neuronal activity by glia transplantation, for example, the enhancement of neuronal transmission and the emergence of synaptic plasticity in neurons Jiang et al. 2013 ). In the current study, we used in vivo two-photon imaging to directly monitor the functional status of engrafted astrocytes and showed their existence of Ca 2+ signals, a major type of cellular responsiveness of astrocytes, in response to electrical stimulation of the hindlimb. As sensory-evoked astrocytic Ca 2+ responses require the information signal flow through certain functional neuronglia circuits (Wang et al. 2006; Ghosh et al. 2013; Lopez-Hidalgo and Schummers 2014) , these results represent, to the best of our knowledge, the first evidence for a functional incorporation of engrafted astrocytes into the adult mammalian brain and also for their involvement in sensory information processing. This in vivo validation of functional integration into the host brain is also supported by the morphological observations of expression of nAChRs and existence of synapse-like contacts with cholinergic neuronal afferents. Astrocyte-based transplantation can produce different physiologically-related improvements for the functions of the central nervous system. In the spinal cord of a rat model of amyotrophic lateral sclerosis, focal transplantation of astrocytes extends survival and disease duration, reduces motor neuron loss, and slows down declines in behavioral performance (Lepore et al. 2008) . When transplanted into the injured adult rat spinal cord, engrafted astrocytes from human glial precursors also promote significant behavioral recovery (Davies et al. 2011 ). An early study has reported that, in the visual cortex of adult cats, transplanted astrocytes re-induce oculardominance plasticity (Muller and Best 1989) . More recently, two papers have shown that transplanted astrocyte derived from human glial progenitor cells in the brain can protect neurons and improve behavioral performance after global ischemic brain injury in rats (Jiang et al. 2013) or enhance both activitydependent plasticity and learning ability in mice when engraftment is done into neonatal immunodeficient mice . Unlike other studies that were done in neonatal immunodeficient mice (e.g. Han et al. 2013) , our transplantation was performed in adult physiological brain. Thus, this work provides a more suitable strategy for the treatment of neurological disorders or adult brain injuries. In addition, we used mouse-to-mouse transplantation instead of transplantation from human pluripotent stem cells or from human fetal tissues to the mouse brain Jiang et al. 2013; Chen et al. 2015) , as cell transplantation using tissues from the same species is more relevant for clinical applications. Therefore, further experiments are needed to explore whether glia transplantation into the adult somatosensory cortex as demonstrated in this study indeed has any therapeutic relevance. Classically, astrocytes have been suggested to interact with neuronal networks mainly through tripartite synapses that involve metabotropic glutamate receptor-mediated Ca 2+ signals and their mediated gliotransmitter release (Araque et al. 1999; Chen et al. 2005; Eroglu and Barres 2010; Panatier et al. 2011) . Recent work has doubted the existence of this well-established form of synaptic contact between astrocytes and neurons by showing the lack of expression of mGluR5 in the adult brain (Sun et al. 2013) . Our results suggest that, similar to their host counterparts, engrafted astrocytes are able to develop numerous synapse-like structures as well as tripartite synapses in contact with the cholinergic projections in the host cortex, which possibly accounts for the sensory-evoked nAChRmediated astrocytic Ca 2+ signals observed here. Therefore, these findings have an extended implication in parallel to the aspect of glia transplantation. Namely, we identified a new form of tripartite synapse between astrocytes and cholinergic neuronal terminals in addition to their classical form involving glutamatergic transmission. Together, we provide strong support for the application of glial precursor transplantation to explore glia-related neural development in vivo.
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